The anti-bacterial components of a citrus essential oil vapor were identified as linalool, citral and β-pinene using a bioautography method and quantified by GC-MS. Essential oil vapor release, monitored in real-time with Atmospheric Pressure Chemical Ionization -MS (APCI-MS), showed differences in the vapor release profile of limonene, β-pinene and linalool over 24 hours, while Solid Phase Micro-extraction (SPME) GC-MS demonstrated changes in composition of the vapor at 35°C. Fourteen isolates were tested in vitro for their susceptibility to the EO vapor and to linalool, citral and β-pinene vapors, both separately and in a mixture containing the three components in the amounts at which they occur in the EO vapor. All eleven Gram-positive strains tested were susceptible to the EO vapor, linalool, citral and β-pinene vapors separately and the mixture with zones of inhibition of 4.34 cm, 5.32 cm, 5.58 cm, 4.86 cm and 4.68 cm, respectively. Of the three Gram-negative strains tested, Pseudomonas aeruginosa 10145 was resistant to all the vapors. When bacteria inoculated onto stainless steel surfaces were exposed to either the EO vapor or a linalool/citral/β-pinene vapor mixture there was no significant difference in reduction for the Grampositive isolates, while the Gram-negative isolates were resistant to both EO vapor and the linalool/citral/β-pinene mixture.
The main approach adopted in studies of antimicrobial activities of essential oils (EOs) has generally involved the analysis of their composition, focusing upon the major components with antimicrobial potential, for example, thymol and carvacrol from thyme (Thymus vulgaris) and oregano (Origanum vulgare) oils, cinnamaldehyde from cinnamon oil (Cinnamomum verum) and limonene, linalool and citral from citrus EOs [1, 2] . However, the composition of EOs can be complex [3] and interactions between components are important for overall effectiveness. In the case of EO vapors, there may be a change in activity compared with the oil because its composition may differ due to different volatilities of individual components and the headspace equilibrium which affects their release [4] .
EOs have great potential for use against pathogens. For example Melaleuca alternifolia (tea tree) oil inhibits growth of a range of clinical isolates, including methicillin-resistant Staphylococcus aureus (MRSA) in vitro [5, 6] . Citrus EOs, because of their acceptability in terms of odor and their antimicrobial activity [7, 8] , may be one type of EO that could prove useful as anti-microbials. For example, the vapor of citron oil is active against various pathogens [1] , whilst a combination of geranium and grapefruit seed in vapor form inhibits MRSA growth [9] , and Penicillium spp. is inhibited by orange oil [10] .
The EO vapor tested in this study was a blend of Citrus sinensis and C. bergamot [11] , which shows anti-microbial activity [12] . Although the mechanisms of its action are not yet fully understood, exposure increases cell membrane permeability of Enterococcus spp. by 32-40 times, suggesting that the cell membrane is one site of antimicrobial activity [13] . This is similar to the mode of action suggested by other studies using Tea Tree oil on S. aureus [14] , and Origanum compactum EO on Ps. aeruginosa and S. aureus [15] , as well as EO components on Escherichia coli and Listeria monocytogenes [16] .
Although many EO components with antimicrobial activity have been tested on various microorganisms [1, 2] , to date there have been no published studies that attempt to confirm if these components are able to reproduce the antimicrobial activity of the essential oil/vapor when they are used in the same quantity and concentration as they occur in the oil/vapor. In summary, this study set out to address this issue in the case of a known antimicrobial citrus vapor. TLC analysis revealed two antimicrobial spots, with R f values of 0.52 and 0.91, active against E. faecalis and S. aureus (MSSA and MRSA) indicated by colorless zones against the tetrazolium red background. The spots were analyzed by GC-MS and in spot 1 two peaks were detected, attributed to linalool and citral. Linalool was the main compound comprising 95% of the total peak area. Spot 2 had four peaks: (-)-β-pinene, linalyl acetate, neryl acetate and geranyl acetate, with linalyl acetate as the main compound, comprising approximately 96% of the total peak area.
Twenty-two compounds were detected in the EO vapor by GC-MS (Table 1) Seven (the six compounds identified by TLC, plus limonene) made up the majority (831.3 mg / mL) of the EO vapor, with limonene being the most abundant compound (70%).
High levels of limonene (59-88%) have been previously reported in individual citrus oils with the amounts of other compounds varying NPC Natural Product Communications 2012 Vol. 7 No. 1 103 -107 LRI: linear retention indices of the compounds relative to an n-alkane series. * Estimated actual geranial content based on citral standard with 60:40 ratio of geranial to neral isomers ** anti-microbial activity between varieties [8, 17] . For example, in sweet orange linalool and citral formed 0.02% and 3%, respectively, while in bergamot the amounts were 10% and 0.7% [17] However, although in this study limonene was the most abundant component, it was not present in the TLC spots and, when tested, it was found to be inactive in in vitro tests (results not shown). Therefore, limonene does not contribute to the anti-microbial nature of the EO vapor, as has been previously shown for the EO itself [7] .
The six components detected in the antimicrobial spots were screened for their individual activity against 14 bacterial isolates.
Linalool and citral vapors had strong antimicrobial activities (Table  2) , as expected from previous studies on bacteria and yeasts [7, 18, 19] . From the compounds in spot 2, only β-pinene demonstrated antimicrobial activity (Table 2) , while linalyl acetate, neryl acetate, and geranyl acetate did not (results not shown).
The inhibition zones produced by the three anti-microbial components varied for each component and between the bacteria tested ( Table 2 ). In general, the S. aureus isolates were more susceptible to linalool and citral, with mean inhibition zones of 6.82±0.98 cm and 5.91±1.01 cm, in comparison with the Enterococcus spp. isolates with mean inhibition zones of 4.06±0.82 cm and 4.42±0.37 cm for linalool and citral, respectively. In the case of β-pinene there was no significant difference between the susceptibility of S. aureus isolates compared with Enterococcus isolates (5.19±1.01 cm and 5.96±1.61 cm, respectively). Neither Ps. aeruginosa isolate was susceptible to linalool, citral or β-pinene vapor. The E. coli isolate was resistant to β-pinene, but not to either linalool or citral vapor, and citral was less effective than linalool, similar to results from previous studies [7, 20] .
Citral inhibits the growth of Salm. typhimurium [21] with its effect, at least in E. coli, being on the cell envelope [22] . β-Pinene has been shown to inhibit respiration in yeast cells, increasing the fluidity of membranes with its effect probably focused on the mitochondrial membrane [23] .
Although geranyl acetate did not demonstrate anti-microbial activity against the S. aureus and E. faecium strains tested in vitro, it has been previously reported as exhibiting antimicrobial activity against some bacterial strains, including animal and plant pathogens [24] .
The compounds monitored were those detected in the TLC antimicrobial spots, plus limonene as the major component. The optimal base ions were measured at the m/z ratios 137, 153 and 197 at 35°C since this is the temperature at which the EO is vaporized ( Figure 1 ) Table 2 : Zone of inhibition (mean ± SD) of bacterial isolates when exposed to vapors of citrus EO, linalool, citral, β-pinene, and a linalool/citral/β-pinene mix. The first hour of vapor release was continuously monitored and for all three ions an instant and sustained release profile was achieved.
Zone of inhibition (cm) Organism Linalool vapor Citral vapor β-Pinene vapor Linalool/citral/β-pinene mix vapor
The headspace was then measured over 24 h. The volatile release ( Figure 1 ) was proportional to the composition of the essential oil ( In food studies it has been demonstrated that the application of citrus vapor is more effective than that of the oil [13] and the APCI-MS analysis demonstrates that there is a favorable release of the active compounds, which probably facilitates the activity of the vapor. SPME GC-MS analysis (Table 3) The activity of a component mixture vapor (with the ratios and amounts being the same as in the vapor itself) was compared with that of the citrus vapor. In vitro, there was no significant difference between the effect of the mixture compared with the vapor for Gram-positive isolates with inhibition zones being 4.69±1.24 cm and 4.69±0.59 cm, respectively, and for Gram-negative organisms (2.09±2.50 and 1.31±1.97 cm, respectively). There was a significant difference between the Gram-positive and Gram-negative organisms, with the Gram-positives being more susceptible overall to both the mixture vapor and the citrus vapor itself ( Table 2) .
On stainless steel, the mean log reduction for the 11 Gram-positive isolates tested was 0.52 for the citrus vapor and 0.43 for the linalool/citral/β-pinene mixture, which was not significantly different. None of the three Gram-negative bacteria tested was susceptible either to the citrus vapor or the linalool/citral/β-pinene mixture, with slight increases in counts in all cases under both conditions with Ps. aeruginosa ATCC 10145 in the presence of the citrus vapor, increasing by 3.2 log.
Type strains of VRE have been previously shown to be sensitive to the citrus vapor in vitro and on food [13, 25] , and the results of this study confirm this. However, all four hospital isolates of Enterococcus sp. are also susceptible to the EO vapor in vitro and when inoculated onto stainless steel surfaces, which may be important in a healthcare setting.
MRSA was also more susceptible to the EO vapor (0.5-0.64 log reduction) compared with the component mixture (0-0.16 log reduction), but this was reversed in the case of MSSA ( Table 2) . Methicillin resistance is due to membrane related properties [26] , and the way that additional components are released in the vapor may introduce a synergistic antimicrobial effect by aiding the permeablization of the cell membrane, thus making MRSA more susceptible to the EO vapor rather than the components. A synergistic effect has been observed in a previous study between liquid citral, linalool and β-pinene on Saccharomyces cerevisiae [4] .
Both the EO vapor and the linalool/citral/β-pinene mixture had limited effect on Ps. aeruginosa, with counts in the presence of vapors higher than the control. Ps. aeruginosa has previously been shown to be resistant to EO vapors such as cinnamon, clove, basil [27] , thyme and oregano, although not those of Allium sativum and Armoracia rusticana [28] , and, therefore, this phenomenon is not specific to citrus but applies more generally. This might have implications for the use of EOs against Pseudomonas and the mechanisms of its resistance are worthy of further investigation. The components tested also had limited effect on E. coli corresponding to a previous report using eucalyptus and herb (rosemary, thyme, lavender, peppermint, perilla) EOs against E. coli, which could be due to the increased resistance of E. coli to citral [7] .
The results of this study demonstrate that a mixture of the antimicrobial components of the citrus vapor, in the same concentration and amounts that they are present in the vapor, was generally able to reproduce the activity of the citrus vapor per se.
The Gram-negative species tested, Pseudomonas spp. and E. coli were less susceptible than the Gram-positive strains tested. APCI-MS and SPME GC-MS analysis revealed that β-pinene was dominant in the headspace, while the liquid oil was characterized by the high presence of limonene, which is inactive. Despite the fact that β-pinene is present in smaller amounts than linalool (28.1 mg/mL compared with 60.2 mg/mL), it has similar antimicrobial effects when tested in a vapor ( Table 2 ) and so it seems that it has an important role in the activity of the EO vapor through its physicochemical properties by affecting the equilibrium in the vapor. Similar interactions may take place with components that are not antimicrobial in activity and/or present in trace amounts, 106 Natural Product Communications Vol. 7 (1) 2012
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although this was not the case for limonene in this study suggesting that further investigation of secondary components and their role in the overall activity of EO vapors is required.
Experimental
Chemicals: The EO vapor tested was Citri-V TM® , a blend of citrus essential oils (orange:bergamot 1:1 v/v; Belmay, UK), vaporized at 35°C via a heat diffuser to give a final concentration of 15 mg/L headspace [7] . The individual linalool/citral/β-pinene components and their mixture were also vaporized at 35°C using a heat diffuser.
In the case of the mixture, the final concentrations in the headspace were those in which they occur in the EO vapor per se, as determined by GC-MS. 
Bioautography method
Thin layer chromatography (TLC): TLC separations were conducted using glass backed silica gel (250 μm) plates (Fluka, UK). Three μL aliquots were added to the TLC plates and developed (n-hexane-ethyl acetate 95:5 v/v). Separated compounds were visualized using UV (254 nm) and either analyzed by GC-MS or used for the bio-autography assay after complete evaporation of the solvents. Triplicate plates for each investigation were developed simultaneously in the development tank (Latch-Lid TLC Chamber, Sigma-Aldrich).
Agar overlay bioautography assay: Layers of 1-2 mm of BHI agar containing 0.01%, v/v, of 2,3,5-triphenyl-tetrazolium chloride (TTC) and 10%, v/v, of an overnight culture of either S. aureus NCTC 12981 or E. faecium NCTC 07171 (10 8 cfu/mL) were applied to the developed TLC plates and incubated for 24 h at 37°C. Anti-bacterial activity of separated compounds was identified as zones of inhibition, which were colorless against a red background.
Gas chromatography-mass spectrometry (GC-MS) analysis of EO and TLC antimicrobial spots:
Individual TLC spots from replicate plates were combined, extracted, centrifuged for 5 min (1500 x g) and analyzed by GC-MS. The EO blend was diluted in n-hexane at 1500 μL/L and 100 μL/L of 2-nonanone was added as internal standard.
For the GC-MS analysis, 1 µL of sample was injected in splitless mode. Chromatography was carried out with a Trace GC series gas chromatograph (Thermo Electron Corporation) using a Zebron-wax capillary column (30 m x 0.25 mm I.D.; film thickness: 1 µm; Phenomenex). The injection port temperature was 250°C and the carrier gas was helium, at a flow of 1 mL/min. The oven temperature program was an initial temperature of 40°C maintained for 3 min, increasing at 10°C/min to 230°C. The transfer line was held at 250°C. MS was performed with a Thermo DSQ mass spectrometer operating in positive ionization electron impact mode (70 eV). The detector was operated in scan mode (2 scans/s), from m/z 50 to 250. The source temperature was 210°C. Compounds were identified by comparing retention times and mass spectra with those of standards or their retention indices (RI) with published data and their mass spectra with the National Institute of Standards and Technology (NIST) library. Three replicates were conducted for each sample. Data were processed with Xcalibur 1.4 (Thermo electron Corporation) software.
Screening of EO vapor components:
The effect of the identified antimicrobial components was tested using a method adapted from Edwards-Jones et al [9] . Triplicate BHI agar plates spread with 10 7 cfu of each isolate were exposed to either 0.2 mL of each of the test compounds (linalool, citral, β-pinene) or a mixture of the 3 components in the concentration and amounts in which they occur in the citrus vapor, spotted onto crucible discs (id: 35 mm; Vitreosil) on the lid of a Petri dish at approx 8 mm from the bacteria. Controls were plates either exposed to the EO vapor or unexposed. Plates were incubated at 37  C for 24 h and inhibition zones measured on the agar surface.
Activity of a citrus vapor and components against bacteria inoculated onto metal surfaces:
Stainless steel discs (d: 20 mm, h: 0.2 mm, Grade 2B finish; AISI 316L Foil, Goodfellows Cambridge Ltd) were inoculated with 50 µL of bacterial cultures (10 7 cfu/mL), allowed to air dry for 1 h in a sterile cabinet and then exposed to either the citrus vapor or a vapor mixture of linalool/citral/β-pinene, in the same concentration that they exist in 15 mg/L of the citrus vapor, for 24 h at 37°C. Control discs (not exposed to vapors) were included in all experiments. The discs were transferred into 50 mL polypropylene centrifuge tubes (Fisherbrand; Fisher Scientific) containing 20 mL MRD and 5 g glass beads (3-7 mm; Scientific Laboratory Supplies) and shaken for 2.5 min at 11 000 rpm. Counts were carried out using the Miles and Misra method [29] after incubation on BHI at 37C for 24 h.
Analysis of vapor release: SPME GC-MS:
A 1 cm Stableflex fiber, coated with 50/30 µm divinylbenzenecarboxen on polydimethylsiloxane bonded to a flexible fused silica core (Supelco) was used for extraction of the volatiles. Prior to use, the fiber was conditioned for 90 min in the injection port (275°C). The extraction time was 5 min and temperature was 35°C. Desorption time was 5 min at 240°C. GC-MS was carried out using a Trace GC Ultra gas chromatograph and a DSQ mass spectrometer (Thermo Electron Corporation). The GC-MS settings were the same as those used for the GC-MS analysis of the EO.
Atmospheric pressure chemical ionization (APCI)-MS:
Vapor release of volatiles was monitored in real-time at 35°C from 250 mL flasks (wrapped in foil) containing filter papers saturated with 500 μL of the citrus EO. Headspace was drawn from the flasks at 10 mL/min through a deactivated fused silica transfer line at 175°C , 1 m x 0.53 mm ID into the APCI interface (50°C). Nitrogen (10 L/min) was used to transfer the ions to a Waters ZQ mass spectrometer, at 50°C and operated in positive ion mode (4kV) with a cone voltage of 18 V. Data were collected in selected ion recording mode with a dwell time of 0.1 s and processed using Masslynx 3.2 (Micromass, UK).
Statistical analysis:
Statistical tests were performed with SPSS for Windows (version 11.5) with significance set at p = 0.05.
